ZnAl 2 O 4 nano-powders have been successfully prepared via citrate sol-gel technique. All powder samples were annealed at 600 o C for 1, 2, and 3 h. Thermogravimetric analysis (TGA) confirmed that the minimum annealing temperature of crystallization is ~ 400 °C. Fourier Transform Infrared (FTIR) results showed a series of absorption peaks in the range of 810 -4000 cm -1
Introduction
Over the past decades, spinel compounds have attracted interest in many researchers around the globe due to their properties such as high chemical and thermal stability, high mechanical resistance, low sintering temperature and high quantum yields [1, 2] . Spinels are class of binary transition metal oxides of the form AB 2 O 4 with varied structures and owing to their unique properties, they have found potential applications in the area of material science and technology [3, 4] . Among the various spinel oxides available, zinc aluminate (ZnAl 2 O 4 ), has gained lot of attention because of its multidisciplinary interest [4] . ZnAl 2 O 4 has drawn much attention, as a result of its usefulness in ceramic, electronics, catalyst, catalyst support, aerospace, paint, dielectric and sensing applications [4] [5] [6] . ZnAl 2 O 4 is a semiconductor material that is suitable for ultraviolet (UV) photoelectronic application. This is due to its wide bandgap energy (E g ~ 3.8 eV), which also makes it suitable for an applications such as optical coating or host matrix of different phosphors materials [7, 8] . Based on the above mentioned diverse applications of ZnAl 2 O 4 spinel, various morphologies have been prepared, including one-dimensional microfibers, porous structures, nanoparticles, nanorods, nanotubes [8] . The luminescent properties of phosphors have been reported to strongly depend on the particle size, crystal structure, uniform distribution of activators in the host lattice, morphologies and preparation methods [8, 9] . In particular, ZnAl 2 O 4 nanostructures are expected to exhibit enhanced optical and 3 luminescence properties. Thus, much more efforts have been devoted to study the luminescent properties of the pure and impurities-doped ZnAl 2 O 4 [10] .
From the preparation point of view, the formation of ZnAl 2 O 4 spinel has been obtained by different routes, such as co-precipitation [11] , modified citrate [12] , microwave-hydrothermal [13] , solid-state reaction [14] , hydrothermal [15] , sol-gel [16] and polymeric precursor [17] . Compared with the traditional methods, the sol-gel route offers the advantages such as good stoichiometric control, high homogeneity, producing nanostructured powders and thin films, as well as low temperature processing [9] . In view of this and as an alternative, the sol-gel method was employed to synthesize the ZnAl 2 O 4 nano-powders in this study. There are many other studies on the ZnAl 2 O 4 , which have been reported in literature. Most of these investigations or reports have focused more on the influence of doping concentrations [18] , influence of annealing temperature [19, 20] ,influence of different aluminium salts [8] and influence of citric acid (CA) content [21] on the morphology, structure and optical properties of the obtained ZnAl 2 O 4 products. However, to the best of our knowledge, the effects of annealing time (AT) on the ZnAl 2 O 4 preparation have not been investigated.
Henceforth, in this context, the initial main aim of this work was to synthesize ZnAl 2 O 4 nanoparticles by sol-gel method, which is subsequently followed by thermal treatment (annealing at constant temperature of 600 o C for various periods in air) in order to acquire more knowledge on the material properties and to evaluate their capabilities in the applications such as in the light emitting materials.
The temperature of 600 o C was kept constant because in our previous results [19] , it gave the highest PL emission intensity. Another objective is to identify or explore the optimum AT for the highest PL.
The results showed that the final powder products consist of the impurities of hexagonal ZnO, which agrees very well with the findings in Ref [19] . Therefore, this paper investigates the effects of annealing time (AT) on the structure, morphology and optical properties of the ZnAl 2 O 4 /ZnO. The observed photoluminescence emission channel or pathways is also proposed. temperature was kept at ~ 80 °C while constantly stirring the solutions using a magnetic stirrer until gels were formed. The gels were dried in an oven at 130 °C for an hour, and ground to get powders.
The powders were then separated into 3 separate crucibles and annealed in a furnace at a constant temperature of 600 °C for various AT = 1, 2 and 3 h. The resulting powder products were subsequently ground using a pestle and mortar.
Characterization
The gel stretching mode frequencies were analysed by a FTIR spectrometer (Perkin Elmer).
Thermogravimetric analysis of the gel was carried out using a TGA7 in the temperature range of 30- composition and surface morphology of the phosphor powders were investigated using a SEM (Shimadzu Superscan ZU SSX-550) with an energy dispersion spectroscopy (EDS). High resolution transmission electron microscopy (HR-TEM) was performed with a JEOL JEM 2100 containing a LaB 6 filament. Diffuse reflectance spectra were recorded using a Lambda 950 UV-vis spectrophotometer with an integrating sphere using spectralon as a reflectance standard. Room temperature photoluminescence (PL) measurements were done using a Hitachi F-7000 fluorescence spectrophotometer.
Results and discussion

Fourier Transform Infrared (FTIR) and Thermogravimetric analysis (TGA) results
The FTIR spectra of the ZnAl 2 O 4 gel is shown in Fig. 1 (a) . The spectra show a series of absorption peaks in the range of 810 -4000 cm -1 . The spectra indicate the presence of nitrates groups (at 855, 896 and 1043 cm -1 ) [22] . The bands at 1384 and 1588 cm -1 can be attributed to the OH group in the metal alkoxides present in the gel [23] . The wide absorption bands centred at around 3290 cm -1 corresponds to OH groups, which are contributed by the water content in the sample [22, 23] . The bands at 3913 and 3770 cm -1 are assigned to O-H stretching vibration [24] . 
X-ray diffraction (XRD) properties
The obtained gel was transformed to powder via annealing at 600 o C for various hours ranging from 1 -3 h. The XRD patterns of the powder products are presented in condition employed in this work [29] . On the basis of the number of the diffraction peak intensities, the ratios of 45%:55% for the ZnAl 2 O 4 /ZnO (cubic and hexagonal) phases, respectively. It is important to mention that our group [21] and Yang et al. [30] have previously reported extremely similar crystal structure consisting of both ZnAl 2 O 4 /ZnO mixed-phase. Generally, when considering the TGA results in Fig. 1 (b) , it is actually possible to have the traces of impurities at the annealing temperature of 600 o C, which is also evident from the findings in Ref. [19] . where D is the crystallite size (nm),  stands for the radiation wavelength (0.15406 nm),  is the full width at half maximum (radians),  is the angle of diffraction (degrees). In order to distinguish the ZnO and ZnAl 2 O 4 diffraction peaks from each other, the Gaussian fit and deconvolution of both the ZnO and ZnAl 2 O 4 phases are clearly shown in Fig. 3 (a) . Similar deconvolution approach as in our previous report [21] shown in Fig. 3 (a) was followed. Note that the sample annealed for 1 h was used as an example in Fig. 3 (a) . The crystallite sizes of the ZnO phases were found to be 19 ± 0. quantity to be more than that of (101) ZnO. This can also be seen from the estimated average crystallites sizes (the ZnAl 2 O 4 average crystallites are bigger than that of ZnO). Therefore, it is reasonable to conclude that the ZnAl 2 O 4 phase exist in more proportion or quantities compared to the ZnO. That is; the ZnO serves as an impurity within the ZnAl 2 O 4 . From the analysis of the most intense diffraction peaks (101) and (311) shown in Fig. 3 (b) , it can be seen that the crystallinity of the prepared powder samples depends on the AT. Crystallinity in this case refers to the degree of structural order in a powder samples. It is also observed that at the AT = 2 h there is a slightly shifts to the lower diffraction angle and that is attributed to the increase in the lattice parameter [32] . This phenomenon can be explained by considering the ionic radius of Zn where a and c are the lattice constants and d hlk is the crystalline surface distance for hlk indices [34] . The average lattice constants of the ZnO a and c were calculated to be 3.25 and 5.20 Å, which is close to the values reported in the literature [35] . The average lattice constant for the cubic ZnAl 2 O 4 was calculated to be a = b = 2.43 Å, which is similar to the value reported in our previous work [26] and the reference therein. were not traceable on SEM results. Few pyramid-like structures shown by the red arrows are also observed at AT = 1 h in Fig. 1 (a) . These pyramid-like structures might possibly be due to the agglomeration of several hexagonal ZnO. As the AT increases to 2 h, the degree of the pyramid-like structures is more pronounced, which clearly indicated the possibilities of having more secondary hexagonal ZnO phases on the morphology as it was suggested on the XRD results for the AT = 2 h.
Morphological properties
Finally, as the AT is further increased to 3 h, the morphology seems to be returning to the one observed in Fig. 5 (a) with very few hexagonal or pyramid-like structures. Levy et al. [36] and Koao et al. [35] have previously observed similar kind of morphology as in Fig. 5 (c) .
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The prepared ZnAl 2 O 4 /ZnO powder samples were further analysed by the HR-TEM technique. Fig. 6 (a) shows the HR-TEM image of the AT = 1 h and it can clearly be seen that the average crystallites sizes are on the nano-scale. The hexagonal ZnO structures observed in XRD and SEM results is also seen in HR-TEM results (see the insert of the zoomed version of the red highlighted section of Fig. 6 (a) . The cubic-like structures shown by the red arrow is evidently observed in Fig. 6 (a) and (b) . Fig. 6 (b) Fig. 7 (a) illustrates the UV-Vis diffused reflectance spectra of the prepared samples. The spectra revealed there is only one absorption band at around 384 nm. We have previously [19] observe this absorption band in ZnAl 2 O 4 . In contrast, Koao et al. [35] have also observed this absorption band in ZnO. Due to the fact that it is not an easy task to differentiate the ZnO and ZnAl 2 O 4 absorption band at around 384 nm in this results. It is hence proposed that the absorption band at 384 nm be credited to both ZnO and ZnAl 2 O 4 since both phases are present in this results (see the XRD, SEM and HR-TEM results). Zhang et al. [37] showed that the absorption due to the ZnAl 2 O 4 /ZnO combined system is around 384 nm. Furthermore, their results [37] showed that when The band gap energy (E g ) was calculated from the diffuse reflectance spectra by plotting the square of the Kubelka-Munk function given in Equation (4) [35]
Reflectance and band gap analysis (UV-Vis Spectroscopy)
where K is reflectance transformed according to Kubelka-Munk, R is reflectance (%), h is the photon energy. In Fig. 7 (b) , the E g were measured with the help of reflectance spectra plotting graphs of (K x hν) n versus (hv) (with n = 2, which is appropriate for a direct band gap material such as ZnAl 2 O 4 ). The extrapolation of linear region of this plot to (K x hν)
gives the direct band gap value. The E g value for the AT = 1, 2 and 3 h were respectively found to be 2.63, 2.87 and 2.68 eV, which is consistence with the literature values by other researchers [37] . The optical E g is observed to increases and then decreases with the increasing AT.
We propose that this behaviour might be due to the fluctuation on the crystallites sizes of the ZnO as observed on the XRD results. Thus, the results suggest that the E g of the prepared samples ZnAl 2 O 4 /ZnO can be tuned by varying the AT. 14 
Photoluminescent (PL) analysis
PL excitation and emission spectrum of the ZnAl 2 O 4 /ZnO nano-powders synthesized at different AT is shown in Fig. 8 . The excitation spectra were recorded when monitoring an emission at 428 nm. There is one major peaks located at 275 nm which is attributed to the band-to-band direct excitation in ZnAl 2 O 4 [21] . The emission spectra of these samples, taken under the excitation at 275 nm shows two emissions peaks located around 428 and 561 nm. These emission peaks can be ascribed to be due to both contribution of ZnO and ZnAl 2 O 4 intra band gap defects such as oxygen vacancies (V 0 * ) [8, 21, [38] [39] [40] , which is quite reasonable when considering the fact that the presence of oxygen was evidently detected by the EDS in Fig. 4 . For the investigated range of AT = 1 -3 h, the sample AT = 2 h had the highest emission intensity. The proposed explanation for this behaviour is that the emission channel for this sample is originating from both ZnAl 2 O 4 and many ZnO as it was shown on the XRD and SEM results that the ZnO particle are populating more at AT = 2 h compared to the other samples. Therefore, the results suggest that the AT have the influence on the structural and morphological changes, which considerably influence the PL emission intensity. Similar study [41] in MgAl 2 O 4 :0.3% In 3+ has also confirmed that the AT significantly influences the emission intensity.
The Gaussian fit showed that the optimum AT on the MgAl 2 O 4 :0.3% In 3+ system was AT = 2.3 h. All of the emissions coming from the ZnAl 2 O 4 are attributed to the radiative decay, which are due to the electron (from different trap levels as shown in Fig. 9 ) recombination with a hole in the VB [8] .
On the other hand, ZnO is composed of extrinsic and intrinsic deep level defects that emit different colours in the visible region [42] . The various defects such as oxygen vacancies (V o ), zinc vacancies (V zn ), oxygen interstitial (O i ), zinc interstitial (Zn i ), and anitisite oxygen (O zn ) arising are the reason behind the deep level emission at visible range. The emissions from the ZnO at 428 nm is ascribed to the transition energy from Zn i to VB in ZnO [42] . The presence of green emission 561 nm in ZnO is ascribed to the oxygen vacancies (V o ) [39, 42, 43] . It is crucial to note that these emissions from ZnAl 2 O 4 and ZnO at 428 and 561 nm cannot be differentiated. Thus, we infer that they originate or 16 they are observed due to the contribution of both ZnO and ZnAl 2 O 4 as per proposed pathways shown in Fig. 9 . The dependency of the emission wavelength to the excitation wavelength was investigated on the samples AT = 2 h. For the samples were excited at various wavelengths as shown in Fig. 10 (a) .
When the excitation wavelength is increased (in steps of 10 nm from 270 to 310 nm), the violet emission slightly shifts from 430 to 440 nm. For the excitation at 250 nm there seems to be emission peak at 553 nm. The emission intensity as a function of the excitation wavelength is shown in Fig. 10 (b). The Gaussian fit indicates that 275 nm is the dominant excitation with the highest emission intensity. This is the main reason why the samples shown in Fig. 8 were excited at 275 nm. In Fig. 10 (a), the violet (430 to 440 nm) and green (553 nm) emission peaks are certainly attributed to originate from the ZnO and ZnAl 2 O 4 as discussed above (see Fig. 9 ) [8, 42, 43] . 
Colour coordinates analysis
The International Commission on Illumination (CIE) chromaticity diagram and coordinates for the ZnAl 2 O 4 /ZnO samples at different AT and for the sample AT = 2 h excited at various wavelength are shown in Fig. 11 (a) and (b) , respectively. Generally and as anticipated from the PL results in Fig. 10 (a) ), it can be seen that the emission colour cannot be tuned by varying the AT and excitation wavelength. These results are similar to our previous results on the MgAl 2 O 4 :0.33% In 3+ system [43] . On the other hand, our group [44] have previously observed the possibility of tuning the emission colour by varying the excitation wavelength due to the change of the emission centres.
Furthermore, the results [44] also showed that the emission colour can be tuned by varying the x% Tb 3+ and the excitation wavelength. coordinates showed that the emission colour cannot be tuned by varying the AT.
Conclusion
